Myocardial salvage, determined by cardiac magnetic resonance imaging (CMR), is used as end point in cardioprotection trials. To calculate myocardial salvage, infarct size is related to myocardium at risk (MaR), which can be assessed by T2-short tau inversion recovery (T2-STIR) and contrast-enhanced steady-state free precession magnetic resonance imaging (CE-SSFP). We aimed to determine how T2-STIR and CE-SSFP perform in determining MaR when applied in multicentre, multi-vendor settings.
Introduction
ST-elevation myocardial infarction is a major cause of death worldwide. The myocardium supplied by an occluded coronary vessel becomes ischaemic and is known as myocardium at risk (MaR). Over time, MaR will gradually develop into infarction until reperfusion occurs. 1 -4 The main objective with acute cardioprotective therapy is to inhibit infarct evolution by timely reperfusion and to minimize further injury associated with reperfusion therapy, thus minimizing final infarct size (IS). 5 To evaluate the efficacy of such treatments, IS in relation to MaR is used to calculate myocardial salvage index (MSI) defined as 1-IS/MaR. 6, 7 Late gadolinium enhancement (LGE) cardiac magnetic resonance (CMR) is currently considered the clinical reference method for quantification of IS. 8, 9 Assessment of MaR, however, is challenging.
Recently, CMR has shown potential for quantification of MaR up to 7 days after the acute event using either T2-weighted magnetic resonance (MR) imaging 6,10 -14 or contrast-enhanced steady-state free precession magnetic resonance imaging (CE-SSFP). 15 Both sequences have been validated against myocardial perfusion SPECT 10, 15 and compared against each other in a single-centre setting. 16 However, it is not known how these techniques perform in a multicentre, multi-vendor setting or whether cardioprotection treatments affect MaR. Recently, two international, multicentre, multi-vendor cardioprotection trials, CHILL-MI 17 and MITO-CARE, 18 used MSI assessed by CMR as primary (CHILL-MI) or secondary (MITOCARE) end point. Both T2-STIR and CE-SSFP images were acquired during a CMR examination performed 2-6 days after the acute event in these trials.
The aim of the present study was to determine how well T2-STIR and CE-SSFP perform in quantifying MaR and determining culprit vessel across vendors, sites, treatments, and imaging timing using data from the CHILL-MI and MITOCARE trials.
Methods

Study population and design
Patients from the CHILL-MI and MITOCARE trials (n ¼ 215) underwent CMR imaging at one occasion within 1 -8 days after primary PCI for first-time STEMI. 17 Inclusion and exclusion criteria for the clinical trials have been previously published. 17, 19 In short, all patients had clinical signs of acute myocardial infarction defined as symptoms and electrocardiogram (ECG) consistent with ST-elevation infarction or new left bundle branch block (LBBB) and were ≥18 years old with symptom duration ,6 h. Patients with previous myocardial infarction or PCI were excluded. Both the CHILL-MI and MITOCARE trials were approved by the institutional review boards/ethics committees. All patients provided written informed consent.
Since the amount of patients with MR Day 1 was limited in the CHILL-MI and MITOCARE materials, 8 patients with T2-STIR CMR performed on the first day after STEMI from a previous material 10 were included and pooled with the CHILL-MI and MITOCARE data exclusively for the analysis concerning changes in MaR over the first week after infarction. Inclusion criteria for this material have been previously published.
10
In short, patients with no history of MI, presenting with acute STEMI and TIMI 0 flow, were included.
Coronary angiography
Coronary angiography was used to determine culprit vessel. Angiography data from the CHILL-MI trial were analysed by a core laboratory, while angiographic data from the MITOCARE trial were analysed at the respective site.
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CMR image acquisition
All CMR examinations were performed on 1.5T scanners from Philips (Philips Healthcare, Best, The Netherlands), Siemens (Siemens AG, Erlangen, Germany), or General Electrics (GE Healthcare, Waukesha, WI, USA). Throughout this article, the vendors have been placed in random order as Vendor 1, 2, and 3. Subjects were placed in a supine position, and images were acquired at end-expiratory breath hold with ECG gating. Initial scout images were acquired to locate the anatomical views of the heart. A black-blood triple inversion recovery T2-weighted sequence (T2-STIR) was used to acquire short-axis imaging covering the entire left ventricle from base to apex before intravenous administration of a gadolinium-based extracellular contrast agent (0.2 mmol/kg). The T2-STIR sequences used were the ones provided by the respective vendor for the particular hardware/scanner model, and no further optimization was performed. Approximately 5 min after the contrast injection, a multi-slice, multi-phase, contrast-enhanced steady-state free precession (CE-SSFP) sequence was applied to acquire short-axis images corresponding to the T2-STIR images. 15, 16 Slice thickness was 8 mm with no slice gap. In-plane resolution was typically 1.5 × 1.5 mm. For details regarding imaging and analysis by LGE imaging, see Appendix 1.
For detailed imaging parameters and quality control protocol, see Appendix 2.
CMR analysis
Images were analysed using Segment, version 1.9R3314 (http://segment. heiberg.se). 20 MaR was assessed from the T2-STIR and CE-SSFP shortaxis images as previously described. 10, 15 In short, for T2-STIR images, left ventricular (LV) myocardium was defined by manual delineation of epicardial and endocardial borders. The same was performed for CE-SSFP images in end-diastole and end-systole as previously described. 16 Hyperintense myocardium in T2-STIR and CE-SSFP images was manually delineated for assessment of MaR. If present, hypointense myocardium within the hyperintense area was included as MaR (microvascular obstruction or haemorrhagic infarct). For CE-SSFP, the enddiastolic and end-systolic values of LV mass and MaR were averaged. The delineation of each data set, T2-STIR or CE-SSFP, was performed by one of the three experienced observers (H.E., M.C., and H.A. with 13, 14, and 20 years of experience). Every case was read by a second observer to ensure high-quality measurements. The observer was blinded to the other method for MaR assessment (T2-STIR or CE-SSFP) when performing image analysis. Different opinions were resolved in consensus with a third observer when necessary. Observers had access to LGE images when delineating T2-STIR and CE-SSFP. MaR was expressed as per cent of the LV mass. MaR by CE-SSFP and infarct delineations were performed by a core laboratory (Imacor AB) as a part of the original MITOCARE and CHILL-MI data analysis, and T2-STIR was analysed by the same observers blinded to the CE-SSFP data 1.5 years later.
Image qualitative analysis
Qualitative analysis was performed separately for T2-STIR and CE-SSFP, by HE blinded to all other data. Images were rated as follows: (i) not diagnostic quality, (ii) acceptable, or (iii) good for defining MaR. Not diagnostic quality were those where MaR could not be evaluated due to artefacts, low signal, high noise levels, or where no clear demarcation between MaR and remote could be identified. Acceptable were those where MaR could be identified, even though some of the issues above were present. Good were those without any of the issues above. The same scale was employed to rate ability to define endo-and epicardium. Acceptable and good images were considered to be of diagnostic quality. The observer also identified the culprit artery as the left anterior descending artery (LAD), right coronary artery (RCA), or left circumflex artery (LCx), without information from LGE images. In cases of left dominance where the MaR involved both the lateral and inferior wall, the observer had to
Comparison of contrast-enhanced SSFP and T2-STIR CMR designate the most probable culprit vessel (LCx or RCA). This was compared with the culprit artery by coronary angiography.
Statistical analysis
Results for continuous variables are expressed as mean + standard deviation. Bias according to Bland -Altman was used to compare MaR for T2-STIR and CE-SSFP in patients with complete T2-STIR and CE-SSFP data of diagnostic quality (n ¼ 127). The D'Agostino and Pearson test was used to test for normality (Appendix 3). Paired t-test was used to test the difference between T2-STIR and CE-SSFP. When comparing MaR in controls and treated groups, an independent t-test was used. The Pearson correlations coefficient was used for assessment of correlation between T2-STIR and CE-SSFP. For comparing image quality, the Wilcoxon test was used. Fisher's exact test was used to compare ratio of diagnostic tests and correctly assigned culprit arteries between T2-STIR and CE-SSFP. Assessment of differences in size and quality of MaR over time and heart rates for different image quality groups was tested using a one-way ANOVA test. P , 0.05 indicated statistical significance. Analyses were performed using Graphpad Prism (version 5.02, GraphPad Software, San Diego, CA, USA).
Results
Study population
Of the 215 patients included in the study, 200 (93%) had complete T2-STIR datasets, 204 (95%) had complete CE-SSFP datasets, and 191 (89%) had complete LGE datasets. Fifty patients (50%) from the CHILL-MI trial received adjuvant hypothermia treatment, and 60 patients (52%) from the MITOCARE trial received adjuvant treatment with TRO40303. For patient and CMR characteristics, see Appendix 4.
Image quality
Sixty-five per cent of T2-STIR vs. 97% of CE-SSFP datasets were considered of diagnostic quality (P , 0.001, Figure 1 ). Ratio of datasets of diagnostic quality for T2-STIR was 73% for LAD, 65% for LCx, and 59% for RCA, whereas for CE-SSFP it was 97% for LAD, 100% for LCx, and 98% for RCA. Anterior (LAD) ischaemia trended towards higher level of T2-STIR images of diagnostic quality compared with lateral and inferior (LCx + RCA) culprit vessels, P ¼ 0.068, while there was no difference between vessels for CE-SSFP, P ¼ 1.0. Image quality of MaR for T2-STIR was 1.8 + 1.1 and for CE-SSFP 2.7 + 0.5 (P , 0.001). Heart rate did not differ with image quality for T2-STIR (image quality 1: 68 + 16, 2: 69 + 10, 3: 68 + 10, P ¼ 0.87) or CE-SSFP (image quality 1: 71 + 12, 2: 67 + 14, 3: 68 + 11, P ¼ 0.81). Image quality (score 1 -3) for endo-and epicardial delineation was 2.3 + 0.7 for T2-STIR and 2.8 + 0.4 for CE-SSFP (P , 0.001). Figure 2 shows correlation between T2-STIR and CE-SSFP images by vendor and treatment groups. For images of diagnostic quality, bias between MaR by T2-STIR and CE-SSFP was 0.02 
T2-STIR vs. CE-SSFP for MaR
+ 6% (P ¼ 0.96, n ¼ 126),
Culprit vessel
CMR located correct culprit vessel in 89% of patients by T2-STIR and 97% of patients by CE-SSFP (P ¼ 0.0015, Table 1 ). Sensitivity for LCx was lower than LAD/RCA for both T2-STIR and CE-SSFP. Using T2-STIR, the observer was unable to assign culprit vessel in 11% of patients with RCA occlusion, 17% of patients with LCx occlusions, and 4% of patients with LAD occlusion. All patients were assigned a culprit vessel using CE-SSFP. A low sensitivity for assigning LCx as culprit artery was due to incorrect classification as RCA in five patients for CE-SSFP, while for T2-STIR it was incorrect classification as LAD for one patient, RCA for two patients, and inability to assign culprit vessel in four patients.
Differences between vendors and sites
Vendors 1 and 3 had lower rates of T2-STIR datasets of diagnostic quality compared with CE-SSFP (T2-STIR: 58 and 48%, CE-SSFP: 100 and 99%, respectively, P , 0.001), whereas no difference was found for Vendor 2 (T2-STIR: 90% and CE-SSFP: 96%, P ¼ 0.19, Figure 4 ). Figure 5 shows examples of T2-STIR and CE-SSFP images from each vendor. In 13 sites, rate of CE-SSFP of diagnostic quality was higher compared with T2-STIR ( Figure 6 ), and the remaining four sites were using MR cameras from Vendor 2. Rate of datasets of diagnostic quality for sites using Vendor 1 was: 55 + 5% by T2-STIR and 100 + 0% by CE-SSFP, for vendor 2: 88 + 17% by LGE, late gadolinium enhancement.
Comparison of contrast-enhanced SSFP and T2-STIR CMR T2-STIR and 95 + 9% by CE-SSFP, and for Vendor 3: 40 + 20% by T2-STIR and 98 + 5% by CE-SSFP. Two sites (5 and 8, both using Vendor 2) had a higher rate of T2-STIR of diagnostic quality compared with CE-SSFP. For these sites, only one CE-SSFP dataset was not of diagnostic quality ( Figure 6 ).
Changes in MaR over time
No change in size or quality of MaR or ability to identify culprit artery was seen over the first week after ischaemia reperfusion (P ¼ 0.44, Figure 7 ).
Discussion
The findings in the present study, with data from two multicentre, multi-vendor studies on cardioprotection, showed that CE-SSFP enabled determination of MaR across vendors and sites, whereas T2-STIR imaging was not of diagnostic quality in approximately one-third of patients. In images of diagnostic quality, however, CE-SSFP and T2-STIR showed a good agreement for assessment of MaR. A non-contrast-enhanced balanced SSFP yields a T 2 /T 1 -weighted contrast that creates an extraordinarily high steady-state signal. After myocardial ischaemia, both T 1 and T 2 are increased due to oedema with T 2 being affected to a higher degree, thus increasing the T 2 /T 1 ratio. Gadolinium-based contrast agent distributes in proportion to extracellular space, which is greater in salvaged than in normal myocardium and even greater in infarcted myocardium. 21, 22 As T 1 time is affected more than T 2 time at lower concentrations of gadolinium, the T 2 /T 1 ratio increases further in salvaged myocardium, but the effect may be attenuated at higher gadolinium concentrations, such as in infarcted myocardium, when the effect on T 2 time is more marked. 23 This might explain the homogenous appearance of MaR in CE-SSFP images; however, further investigation is needed to elucidate these mechanisms. The differences in diagnostic quality may have several explanations. Since CE-SSFP is a multi-phase cine sequence, MaR can be visualized and quantified in several timeframes; thus, the distinction between MaR and remote myocardium may be easier to appreciate. Figure 4 Datasets of diagnostic quality divided by vendor and all vendors together. Numbers are expressed as the ratio of datasets of diagnostic quality divided by the total number of datasets (%). There was a significant difference between T2-STIR and CE-SSFP for Vendor 1, Vendor 3, and for all vendors (P , 0.001) and no difference for Vendor 2 (P ¼ 0. 19 Culprit artery was correctly identified in 89% of patients using T2-STIR and 97% of patients using CE-SSFP (P ¼ 0.0015). T2-STIR, T2-weighted short tau inversion recovery; CE-SSFP, contrast-enhanced SSFP; LAD, left anterior descending artery; LCx, left circumflex artery; RCA, right coronary artery; n, number of patients for each culprit vessel decided by angiography. Differences in experience with CMR between the different sites could also affect image quality and implementation of the different sequences. However, since CE-SSFP images were considered of diagnostic quality in almost all the patients (97%), this technique seems to be independent of the level of experience. SSFP cine imaging is included in most CMR protocols, and the implementation of this sequence is highly standardized, which can be appreciated when considering the similarities in imaging parameters (Appendix 2) compared with T2-STIR where imaging parameters were markedly different. CE-SSFP is also known to be robust to changes in TR and thus image resolution. 24 The implementation of T2-STIR may, however, differ with regard to, e.g., surface coil sensitivity correction, resulting in differences in image quality. It has previously been shown that dark-blood T2-STIR imaging is subject to artefacts due to through-plane motion, particularly in the lateral and inferior LV wall. 12, 25 This might explain the trend towards a difference in diagnostic quality of MaR by T2-STIR seen in different vessels, with more images of diagnostic quality in the anterior lesions (LAD: 74%) compared with the lateral and inferior lesions (LCx: 65% and RCA: 59%). It could also explain the inability to assign culprit artery to patients with LCx occlusion using T2-STIR. The incorrect assignment of LCx occlusions as RCA by using CE-SSFP is, however, to be expected based on the significant overlap of their distribution territories. 26, 27 Some of these limitations with black-blood T2-STIR imaging might be overcome by using white-blood T2-weighted sequences such as T2-prepared SSFP 12 or ACUT 2 E-TSE-SSFP, 17 which has been shown to provide improved image quality and diagnostic accuracy compared with black-blood T2-weighted imaging. 28, 29 Furthermore, quantitative T1-and T2-mapping techniques have shown promise in assessing MaR. 30 -32 Validation and standardization, however, on how these Figure 6 Datasets of diagnostic quality divided by site. All 17 sites that participated in the CHILL-MI and MITOCARE trials are represented.
Numbers are expressed as per cent of total datasets. Note that CE-SSFP had a higher rate of images of diagnostic quality compared with T2-STIR in 13 of the sites. Comparison of contrast-enhanced SSFP and T2-STIR CMR mapping techniques should be implemented on different platforms are still lacking. It should be noted that, given similar hardware capabilities, all vendors could potentially reach similar performance with T2-STIR.
To what extent MaR assessed by CMR is affected by cardioprotection treatment has been a topic of discussion in the CMR community. Findings in the present study suggest that MaR is not affected by the adjuvant treatments in the CHILL-MI and MITOCARE studies since there was no significant difference in MaR between the treatment and placebo groups, neither for T2-STIR nor for CE-SSFP. In a recent post-conditioning cardioprotection trial, however, Thuny et al. 33 showed a decrease in MaR assessed by T2-STIR compared with controls. Additionally, White et al. 34 showed a decrease in
MaR assessed by T2-mapping after ischaemic pre-conditioning. There are, however, differences in the methodology used in the study by White et al. compared with the present study. The White study used five short-axis slices and not the entire left ventricle as in the present study. Furthermore, it used the semi-automated method of Otsu, which has been shown to have limited accuracy for assessment of MaR in T2-weighted imaging. 35 Thus, there are still conflicting results regarding the accuracy of T2-weighted imaging for determination of MaR in cardioprotection trials. Recent experimental data suggest a bimodal pattern of oedema after ischaemia/reperfusion injury as measured with T2-STIR and T2-mapping, suggesting that the oedema is pronounced immediately after reperfusion then decreases over the first day and slowly increases again over the first week. 36 The clinical data from the current study do not support such a bimodal pattern either in size, quality of MaR images, or in ability to detect culprit artery. The findings in the present study have implications for designing clinical cardioprotection trials using MSI as surrogate end point. If T2-STIR alone had been used for assessment of MaR in CHILL-MI and MITOCARE, approximately one-third of the patients would have been excluded due to images not being of diagnostic quality. This would increase the number of patients needed to reach statistical power, thus increasing time and costs to perform a successful cardioprotection trial. Furthermore, CE-SSFP shortens the protocol since cine SSFP images are acquired anyway for functional assessment, which means no extra scanning to determine MaR. T2w imaging requires additional imaging and thereby longer protocols.
Limitations
Only STIR black-blood T2-weighted imaging was compared with CE-SSFP. Thus, the results of this study cannot be generalized to other T2-weighted sequences (e.g. bright-blood methods or T2 mapping). Surface coil intensity correction varied between vendors and sites which may have affected the results. However, this did not seem to affect the quality for CE-SSFP images, which is a strength of this technique. No reference standard for MaR assessment was available. Thus, it is not possible to conclude that one technique is superior in correctly determining MaR. Previous studies, however, have validated both T2-STIR 10 and CE-SSFP 15 against myocardial perfusion SPECT, with good agreement in images of diagnostic quality. The current difference in image quality between CE-SSFP and T2-STIR might be explained by differences in implementation of T2-STIR between vendors. The T2-STIR sequences could probably become more equal if they are further improved and standardized.
Conclusions
In images of diagnostic quality, T2-STIR and CE-SSFP provide similar estimates of MaR, were constant over the first week, and were not affected by treatment. CE-SSFP had a higher degree of diagnostic quality images compared with T2 imaging for sequences from two out of the three vendors. Therefore, CE-SSFP is currently more suitable for implementation in multicentre, multi-vendor clinical trials. 
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Appendix 1
(1) Long-and short-axis slices covering the left ventricle were acquired 15 min after injection of the gadolinium-based contrast agent. The LGE images were acquired using an inversion-recovery gradient-recalled echo sequence, with or without phase-sensitive reconstruction (PSIR), with a slice thickness of 8 mm with no slice gap. In-plane resolution was typically 1.5 × 1.5 mm. Inversion time was adjusted to null the signal of viable myocardium. 11 Infarcted myocardium was delineated from the short-axis LGE images according to a previously described method. One instance using a TR of 1 heartbeat and one instance using a TR of 3 heartbeats.
Quality control
The same protocol for quality control was used for both the CHILL-MI and the MITOCARE trials. Before inclusion began, all centres had to qualify by sending images from two patients, including LGE, T2-STIR, and CE-SSFP, which they considered to be of diagnostic quality to the core lab. The core lab then ensured that the images were of sufficient quality before a centre was accepted. During inclusion, all studies were continuously evaluated by the core lab.
Appendix 3
The D'Agostino and Pearson test was used to test for normality. T2-STIR (P ¼ 0.22) and CE-SSFP (P ¼ 0.07) of diagnostic quality did not show statistically significant deviation from a Gaussian distribution, neither did controls (T2-STIR: P ¼ 0.29, CE-SSFP: P ¼ 0. 
